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In diluted magnetic semiconductors (DMSs), the tunability of p–
d exchange interaction between magnetic ions and carriers (elec-
trons or holes) leads to unusual optical, magnetic, and transport
properties [1–4]. Because the DMSs take advantages of both semi-
conducting and magnetic properties, and charge and spin degrees
of freedom are accommodated into a single material [1–4], they
are expected to play an important role in interdisciplinary materi-
als science, future spintronics and quantum information. Among
them, recently. single-Mn doped GaAs has attracted a special
attention both theoretically [5–14] and experimentally [15–28].
Resonant optical excitation has been widely used to study mag-
neto-optical properties of DMSs. Zero-ﬁeld optical manipulation
of magnetic ions had been carried out [28], and a suppression of
electron spin relaxation induced by optical pumping in Mn-doped
GaAs had been observed [29]. Moreover, investigations of single
Mn-doped semiconductors, in which a magnetic polaron (MP) con-
stituted by a hole and local magnetic moment forms, have uncov-
ered many interesting physical phenomena [30–42]. When the
Mn-doped GaAs is irradiated by a nonresonant monochromatic,
linearly polarized, intense pulsed laser ﬁeld (PLF), the optical
pumping induces a dressed Coulomb potential of Mn-acceptor,
rather than creates electron–hole pairs as in the case of resonant
optical excitation. As PLF-intensity increases, both the exchange
interaction of the MP and binding energy of the Mn-acceptor re-
duce due to a dichotomy of hole wave functions, which may inducell rights reserved.an instability of MP and an ionization of Mn-acceptor. On the other
hand, doping of GaAs with magnetic acceptors would result in
short spin relaxation times because of the additional spin scatter-
ing one expects from the Mn spins. Thus optical control of p–d ex-
change coupling may open up a new route for spin memory
engineering. Only recently the authors had proposed a physical
model based on the simplest molecular-orbital theory – linear
combination of atomic orbitals (LCAOs), to address the effect of
PLF pumping on the p–d exchange interaction in Mn doped GaAs
[43]. In order to simplify the calculation, a two-band model has
been adopted. Some interesting phenomena, such as, optical tun-
able exchange interaction of MP has been noted [43]. The model
anticipates a correct behavior of the MP in the regimes of lower la-
ser-intensity. Nevertheless, it yields very poor approximation at
high-laser intensity. Therefore, a novel physical model which can
properly describe magneto-optical properties of the single Mn
doped GaAs in a wide range of laser intensity, is in high demand.
Since the errors in the simpliﬁed two-band model LCAO calculation
are due to incompleteness of the basis functions, they can be over-
come by optimizing basis functions used in LCAO. This motivates
us to develop a novel physical model, denominated by LCAOV, in
which a variational parameter is introduced in the atomic orbitals.
We ﬁnd that in the regime of small light intensity, the wave func-
tions obtained by the standard LCAO are similar with that of
LCAOV. Nevertheless, a large deviation is encountered at high
intensities of the PLF. In addition, in order to see the effects of
quantum conﬁnement on the optical tunability of MP-stability,
we have also studied Mn-doped GaAs/AlGaAs quantum dots
(QDs) which are also called artiﬁcial atom. We note that quantum
conﬁnement enhances the stability of MP.
Fig. 1. Contour plot of laser-dressed 1j~rj Coulomb potential as a function of laser
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The manganese atom has an atomic conﬁguration of [Ar]3d54s2.
When we introduce it into a III–V semiconductor like GaAs, it will
most likely substitute the Ga atoms in the lattice. At the place of,
e.g. Ga in GaAs the two 4s orbitals change to sp3 orbitals to partic-
ipate in the diamond like bonds. Since the Mn has only two elec-
trons in the 4s orbital and the As atom contributes ﬁve electrons
to these bonds, one electron is missing. Hence the electronic con-
ﬁguration of the Mn atom then becomes 3d5 + hole. Electrons from
neighboring bonds can ﬁll this hole, which causes a detaching of
the hole from the impurity. Then, the missing of one positive
charge in the Mn core results in a negative charge in the vicinity
of the Mn atom relative to the background. The interaction poten-
tial between the manganese and the hole can be modeled in the
envelope function approximation as a Coulomb-like acceptor po-
tential. The acceptor hole has a fourfold degeneracy inherited from
the top of the valence band. Because of the strong spin–orbit inter-
action, it is convenient to treat the acceptor hole as a spin s ¼ 3=2
object coupled to the Mn spin M ¼ 5=2 via p–d exchange interac-
tion, which depends strongly on the wave function of a hole bond
to an individual Mn acceptor in GaAs [24]. This p–d exchange inter-
action favors the formation of the MP in GaAs. Let us now proceed
with the problem of single-manganese doped GaAs irradiated by
PLF under a nonresonant excitation condition. Under the laser radi-
ation, the effects of electromagnetic ﬁeld (EM) on the kinetic en-
ergy of hole must be taken into account. We deal with it in a
semiclassical manner, i.e., combining a quantum description of
the hole motion with a classical description for the radiation ﬁeld.
Then the resulting time-dependent Schrödinger equation reads
ð~pþ e~AÞ2
2m
þ Vð~rÞ
" #
wð~r; tÞ ¼ ih @wð~r; tÞ
@t
; ð1Þ
where ~A is the vector potential of EM and r ~A ¼ 0, the Coulomb
interaction between Mn acceptor and bound hole is described by
Vð~rÞ ¼ e2=0j~rj; 0 is the static dielectric constant of GaAs, m
and e are the effective mass and charge of a hole, respectively. This
Schrödinger equation, in general, does not possess analytical solu-
tion. Then we may solve it numerically, or with aid of perturbation
theory or nonperturbative treatment. Among these methods, the di-
rect numerical integration in time steps is a strenuous computa-
tional task for real atoms, and perturbation theory is not
applicable at high PLF intensity in which we are interested. Hence,
we start with nonperturbative approach by choosing a laser ﬁeld
with a wavelength large enough so that the radiation ﬁeld can be
described by the nonrelativistic dipole approximation in the physi-
cally important region of space. Within this approximation,
~Að~r; tÞ  ~AðtÞ, which allows us to make use of the Kramers–Henne-
berger (KH) unitary translation transformation U, given by
U ¼ exp  i
h
e
m
 Z
~AðtÞ ~pdt þ e
2
2m
Z
~AðtÞ
 2dt : ð2Þ
Obviously, this operator can be decomposed into translation opera-
tor U1 and operator U2 that produces a gauge transformation, i.e.,
U ¼ U1U2, where U1 = exp ði=hÞðe=mÞ
R ~AðtÞ ~pdth i and
U2 ¼ exp ði=hÞðe2=2mÞ
R ~AðtÞ 2dt . Under this unitary transfor-
mation, i.e., ~wð~r; tÞ ¼ Uywð~r; tÞ and eH ¼ UyHU, Eq. 1 becomes
 h
2
2m
r2 þ V ½~r þ~aðtÞ
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~wð~r; tÞ
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where~aðtÞ ¼ e
m
Z t
~Aðt0Þdt0; ð4Þ
where ~aðtÞ in Eq. (4) corresponds to the classical displacement of
the hole from its oscillation center, along the laser polarization
direction~ex. It is noted that U transfers time-dependence of kinetic
energy term to the potential term in the Hamiltonian. We assume
that the vector potential can then be written as ~AðtÞ ¼
A0cosðxtÞ~ex, where x is the angular frequency of light, and A0 is
the amplitude of vector potential. By substituting this vector poten-
tial in Eq. (4), one ﬁnds the following time dependence of ~a
~aðtÞ ¼ a0 sinðxtÞ~ex; ð5Þ
where the laser-dressing parameter a0 ¼ ðI1=2=x2Þðe=mÞ
ﬃﬃﬃﬃﬃﬃ
8p
p
,
which can be viewed as the excursion amplitude of the hole in its
quiver motion, depends on both PLF intensity (I) and its frequency
(x), e.g., increasing laser intensity enhances the quiver motion. No-
tice that Eq. (3) is a linear partial differential equation with time-
dependent potential oscillating periodically due to the periodicity
of the vector potential. Then it can be conveniently solved by
extending the Floquet method [44] developed originally for linear
ordinary differential equations with periodic coefﬁcients in seeking
a series solution. Essentially, we impose the wave function ~wð~r; tÞ as
~wð~r; tÞ ¼ /ð~r; tÞexpðiEKHt=hÞ, and then expand both /ð~r; tÞ and
V ½~r þ~aðtÞ in Fourier series, assuming h ¼ x, Because V ½~r þ~aðtÞ is
real, then does V0ða0; ~rÞ. Hence the eigenvalues EKH are also real,
which implies that in the regime of high-frequency the system
are truly stationary. If the Born–Oppenheimer approximation is as-
sumed, the classical notion that a charged particle in its quiver mo-
tion driven by a linearly polarized laser ﬁeld spends the most time
just around the turning points (at a0~ex), passing rapidly by the
intermediary points suggests that for sufﬁciently high frequencies
the parameter d in Vð~r þ a0d~exÞ + Vð~r  a0d~exÞ could be approxi-
mated by 1, which makes this sum independent of d. Hence one
can eventually derive the PLF dressed Coulomb potential, which is
given by
V0   e
2
20
1
j~r þ a0~exj þ
1
j~r  a0~exj
 
: ð6Þ
In our model, we assume that the negative acceptor center is ﬁxed
at the origin of coordinate. Eq. (6) indicates that PLF creates two vir-
tual acceptor centers located at a0~ex, as shown in Fig. 1. One may
observe that the shape of the potential, which affects the hole con-
ﬁnement, is signiﬁcantly modiﬁed by the laser ﬁeld. In the regime of
small laser parameter a0, the laser-dressed Coulomb potential only
presents single peak located at the position of Mn (the origin of
coordinate), as expected. With an increase of a0, double symmetric
peaks separated along the laser polarization direction emerge.
Hence, the laser radiation may induce a transition of MP from anradiation parameter a0 and x-position along laser polarization-direction.
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magnitudes of these peaks decrease and inter-peak distance en-
larges. Hence at large laser-intensity, laser ﬁeld may introduce a
dissociation of the MP. Furthermore, since the laser-dressed Cou-
lomb potential is similar to the potential of Hþ2 , we may say that
the PLF creates a Hþ2 molecule ion like artiﬁcial molecule in which
one positive hole moves around two nuclei with nuclear charge
e=2 and internuclear separation R ¼ 2a0. The nonperturbative the-
ory which is used in this work is a good approximation provided
that the following conditions are fulﬁlled: (1)x jE0ða0Þj=h, which
is the same as the condition discussed previously; (2) a20  4h=lxÞ;
and (3) the condition for the validity of the dipole approximation,
i.e., x	 m=l
 c=ðcaBÞ, where c is the refractive index of the host-
ing material. Besides, the nonresonance condition, i.e., x < Eg=h
( 362 THz in GaAs) is also required, where Eg is the semiconductor
band gap. Note that the fulﬁllment of the high-frequency condi-
tions, i.e., condition (1), makes the fraction 4h=ðlxÞ assume only
small values; for the works interested in intense ﬁelds, a0 is gener-
ally so large that the condition (2), in practice, does not impose any
additional restriction on the laser parameters. Now let us study the
real system in which the p d exchange interaction Hex ¼
Jpd~s  ~Mdð~r  ~RIÞ plays a role, where Jpd is p d exchange coupling
constant (Jpd ¼ 15:4eVÅ
3
),~r and~s are the position and spin of the
hole, ~M and ~RI are the spin and position of Mn ion, respectively. In
the following, except for a special speciﬁcation, we utilize the effec-
tive atomic units in which the units of length and energy are the
effective Bohr radius (aB) and R

H , respectively, where R

H is equal
to the twice of the effective Rydberg, for GaAs, aB ¼ 9:87 nm and
RH ¼ 11:4 meV. Then the correspondent Schrödinger equation
becomes
1
2
r2 þ 1
2
½Vð~r1Þ þ Vð~r2Þ þ Hex
 
/0 ¼ E/0 ð7Þ
where ~r1 ¼~r þ a0~ex; ~r2 ¼~r  a0~ex. The ﬁrst, second and third terms
in Hamiltonian are kinetic energy of hole, laser dressed Coulomb
potential and the p d exchange interaction Hex. Since the Coulomb
term is similar to a diatomic Coulomb potential, Eq. (7) can be
solved by a widely used method in atomic and molecular physics,
e.g., exact diagonalization method in which we expand the wave
function /0 as follows,
/0 ¼
Xn
i¼1
ciwi ð8Þ
where the functions wi are the shifted hydrogen atomic orbitals
which are centralized in the cores 1 or 2, and ci are the coefﬁcients
to be determined. Two-level atoms are essential blocks for the
understanding of basic processes in quantum physics. Their sim-
plicity brings the possibility for analytical developments which con-
vey physical interpretations not attainable with more exact
approaches. Moreover, two-level model has good quantitative accu-
racy in the description of laser-matter interactions at moderate la-
ser intensities, where the rotating wave approximation is applied.
These considerations motivate us to exploit the two-level model
to search for analytical solutions for eigenvalue problem of Hamil-
tonian H. Hence we chose n ¼ 2 and use two 1s-orbitals (w1 and
w2) of a hydrogen atom centralizing at a0 and a0 along x-axis as
basis functions. in the following paragraphs, we call this simplest
version of molecular-orbital theory as standard LCAO. In the prolate
orthogonal spheroidal coordinate, after doing some algebra calcula-
tions, we obtain the energies of the ground- and the ﬁrst excited
states, which are given by
E1 ¼ E0  ð11 þ 12Þ  ðH
ex
11 þ Hex12Þ
1þ S12 ð9Þ
andE2 ¼ E0  ð11  12Þ  ðH
ex
11  Hex12Þ
1 S12 ; ð10Þ
respectively. Here, 11 ¼ 14a0 ½1 e4a0 ð1þ 2a0Þ, 12 ¼ 12 e2a0
ð1þ 2a0Þ, Hex11 ¼ Hex12 ¼  1p e2a0 Jpd~s  ~M, E0 ¼ ðTH þ EHÞ=2; TH and EH
are the kinetic and total energies of the hydrogen atom, respec-
tively, and the overlap integral S12 ¼ e2a0 ð1þ 2a0 þ 43a20Þ. The
correspondent wave functions are also derived and their expres-
sions are given as follows: /01 ¼ 1ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ2ð1þS12Þp ðw1 þ w2Þ and
/02 ¼ 1ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ2ð1S12Þp ðw1  w2Þ. To clearly illustrate dependence of energies
on laser parameter a0, we also give an explicit expression of the
hole energy E1, as
E1 ¼ 12 1þ
2 ð1þ ð2a0Þ1Þð1 e4a0Þ
1þ ð1þ 2a0 þ 4a
2
0
3 Þe2a0
24 35 Jeff~s  ~M ð11Þ
where Jeff ¼ 1p e2a0 Jpd. Although LCAO provides very nice analytical
solution, the very limited size of the basis set used in this simpliﬁed
model, sometimes, restricts reliability of its prediction. Then let us
develop a basis optimization approach, i.e., LCAOV calculation in
which we employ the following normalized trial molecular orbital
/0,
/0 ¼
2p
b3
ð1þ S0Þ
 12
ðebr1 þ ebr2 Þ ð12Þ
where S0 ¼ eXð1þXþ X23 Þ; b is a variational parameter and X ¼ bR.
After some algebra calculations, one can derive the ground state en-
ergy of the system as
E1 ¼ b2F1ðXÞ þ bF2ðXÞ þ b3F3ðXÞs ð13Þ
where s ¼ JðJ þ 1Þ  25=2½ ,
F1ðXÞ ¼ 12
1þ eXð1þXX2=3Þ
1þ eXð1þXþX2=3Þ ; ð14Þ
F2ðXÞ ¼ 1þ 2e
Xð1þXÞ þ ð1=XÞ  ð1=Xþ 1Þe2X
1þ eXð1þXþX2=3Þ ; ð15Þ
and
F3 ¼ 
Jpd
pð1þ SÞ e
X: ð16Þ
We wish to minimize E1 with respect to variations of b, at constant
R. Since the E1 depends on b both directly and indirectly through X,
we do our variation procedure based on parameter X. The minimi-
zation of the energy (Eq. (13)) with respect to X, at constant R, leads
to the following quadratic equation
b2s 3F3 þX dF3dX
 	
þ b 2F1 þXdF1dX
 	
þ F2 þX dF2dX
 	
¼ 0: ð17Þ
Then the parameters b1 and b2 can be determined, for a given value
of X, as follows,
b1¼
2F1þXdF1dX
 
þ
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2F1þXdF1dX
 2
4s 3F3þXdF3dX
 
 F2þXdF2dX
 r
2s 3F3þXdF3dX
 
ð18Þ
and
b2¼
2F1þXdF1dX
 

ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2F1þXdF1dX
 2
4s 3F3þXdF3dX
 
 F2þXdF2dX
 r
2s 3F3þXdF3dX
  :
ð19Þ
110 F. Qu et al. / Chemical Physics Letters 561–562 (2013) 107–114From the equation R ¼ X=b one can ﬁnd the value of R to which the
X corresponds. Then one can calculate the functions
F1ðXÞ; F2ðXÞ; F3ðXÞ and their derivatives with respect to X, and
hence b as a function of X and thus of R. Knowing b, the energy
as a function of X, and hence of R can be obtained from Eq. (13).
It is worth to mention that the improved LCAOV method can be
used not only in study of physical properties of manganese doped
III–V semiconductor materials, such as GaAs, but also in the inves-
tigation of electronic structures of natural diatomic molecules and
artiﬁcial molecules, such as double quantum dot molecules and
two coupled nanoparticles. Nevertheless, because it is a variational
method in nature, it only provides reliable information about the
ground state of the aforementioned systems. It does not have ac-
cess to the excited electronic states.3. Results and discussion
The positive charge density is concentrated at the location of
the Mn2+ ion at zero laser ﬁeld. Nevertheless it is separated into
two centers located at x ¼ þa0 and a0, by laser ﬁeld. This leads
to a decrease in positive charge at the location of the Mn2+ ion.
The more intense the laser ﬁeld, the larger the separation between
the points of x ¼ þa0 and x ¼ a0 becomes. Thus laser ﬁeld weak-
ens the p d exchange interaction and reduces the Coulomb
attraction between the hole and the Mn-dopant. Because the po-
tential energy of the hole in the bonding molecular orbital is lower
than that in separate atomic orbitals, energy would be required to
shift the hole back into 1s orbitals of separate atoms. Therefore, the
energy of bonding orbital of the MP decreases with an increase of
laser intensity. Fig. 2a shows the PLF induced changes in energy of
a MP, calculated by LCAOV (solid line) and standard LCAO (dashed
line). As a reference, the ground state energy of hydrogen molecu-
lar ion as a function of internuclear distance (R = 2a0) is illustrated
in Fig. 2b. Remembering the fact that the Hamiltonian of the Hþ2
molecule does not contain spin-related term, to comparison pur-
pose, we have also removed the correspondent term in the Hamil-
tonian of the MP to get the curves which are shown in Fig. 2. Notice0 2 4
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Fig. 2. Energies of bonding molecular orbital of MP (a) and of Hþ2 molecule (b) as a func
(dashed lines). Inset shows dependence of variational parameter b on a0 for MP (solid red
to colour in this ﬁgure legend, the reader is referred to the web version of this article.)that the deviation between the results calculated by LCAOV and
LCAO becomes larger and larger as a0 increases. When a0 ¼ 10,
the relative error induced by LCAO calculation reaches about
300%. Hence the LCAOV improves signiﬁcantly the accuracy of
the conventional LCAO calculation. It is also interesting to note that
the energy of the MP decreases from the ground state energy of
hydrogen atom (0.5) as laser intensity increases from zero. In
the regime of large a0, the energy tends to zero, which indicates
that the MP may be dissolved by a laser beam. The underlying
physics is in the following. As the internuclear distance tends to
zero, the laser dressed Coulomb potential approaches to that of
hydrogen atom. However, it approaches to the half of Coulomb po-
tential of hydrogen atom in the limit of large internuclear distance.
To well understand optical control of p d exchange interac-
tion, let’s ﬁrstly focus our attention on the dichotomy of hole wave
function which is induced by laser dressed Coulomb potential. Fig. 3
shows an evolution of hole wave function with increasing a0, cal-
culated by LCAO (the left panel) and LCAOV (the right panel) mod-
els in which the Hamiltonian of MP is the same as the one used in
calculation of Fig. 2b. Notice that for a0 ¼ 0 (Fig. 3a) the lowest-ly-
ing state is the hydrogen-like 1s atomic orbital. When the system is
subjected to the PLF, the situation changes. For instance, at a0 ¼ 5
(Fig. 3b), the atomic wave function evolves to the molecular orbi-
tal. This phenomenon is denominated by atomic physicists as the
wave function dichotomy, which is attributed to nuclear fusion of
a positively charged center. In the regime of large a0 such as
a0 ¼ 10, the two positively charged centers are separated so far
away that the overlap between the wave functions w1 and w2 be-
comes vanishingly small. Hence the hole wave functions asymptot-
ically approach the (1s) rg , as seen in Fig. 3c, and the system
presents an atomic characteristic again. This behavior of hole-wave
function is a clear demonstration of the laser dressed Coulomb po-
tential which is discussed in the previous section. In the following
except for speciﬁcation, we show LCAOV results. In the manganese
doped III–V semiconductors, the antiferromagnetic exchange inter-
action (Jeff < 0) between the Mn d-shell electrons and the hole
(with quasi-spin s ¼ 3=2) splits the energy level of each atomic6 8 10
0 1 2 3 4 5
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line) and for Hþ2 molecule (dashed violet line). (For interpretation of the references
Fig. 3. Contour maps of hole ground-state wave functions in single-manganese doped GaAs, calculated by LCAO (left panel) and LCAOV (right panel) as a function of laser
parameter a0 for a0=0 (a), a0=5 (b) and a0=10 (c), respectively.
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J = js +Mj = 1, 2, 3 and 4, with energies of 21Jeff =4;13Jeff =4;
Jeff =4;15Jeff =4, respectively. In its ground state (J = 1), the Mn
and hole spins are polarized along antiparallel orientation. In our
model calculation, we assume that the position of Mn2+ ion always
holds at the origin of coordinate. Because of the dichotomy of hole
wave functions, one may expect that both the p d exchange- and
the Coulomb- interaction are optically tunable. Consequently, the
stability of MP may also be modulated by the PLF. To quantitatively
understand individual optical tunability of both Coulomb and ex-
change interaction in a MP, let us introduce the following three
quantities: exchange energy Eex, binding energies Ec and Eb. They
are deﬁned by Eex ¼ ET  Ekc; Ec ¼ ET  Ekex; Eb ¼ ET  Ek, where ET
is the ground state energy of the Eq. 7, whereas Ek; Ekc and Ekex
are the eigenvalues of the correspondent Hamiltonian in which
only kinetic energy term, both kinetic energy and Coulomb interac-
tion terms, and both kinetic energy and exchange interaction
terms, are included, respectively. Hence, Eex can be used to mea-
sure the strength of the p d exchange interaction, meanwhile Ec
is relevant to the Coulomb interaction and Eb describes the magni-
tude of combined exchange- and Coulomb-interactions, respec-
tively. It is interesting to remind that besides the exchange
energy Eex, the p d exchange interaction also manifests itself in
exchange splitting DEex, which is deﬁned by the energy difference
between adjacent sublevels. Fig. 4 depicts the ET (a), Eex (b), Ec (c)
and Eb (d) of the MP as a function of laser parameter a0. Notice that
there are four energy branches of ET in the regime of small a0. Withan increase of the laser intensity, the values of ET decrease and the
energy spacing between adjacent energy branches reduces. After a
critical value of a0, they evolve into four-folded single energy level.
Fig. 4b shows that both the exchange energy and exchange split-
ting can be tuned by laser parameter a0. In the united-atoms limit
ða0 ¼ 0Þ, for example, the largest exchange energy is observed,
which is attributed to the largest probability of hole at Mn position.
As the a0 increases, the p d exchange interaction becomes weak-
er and weaker. Hence the exchange splitting reduces. In the sepa-
rated-atom limit (large a0), the splittings disappear due to a
vanishing probability of hole at Mn position. As a result, the MP
is suppressed. On the other hand, the Ec as a function of a0 is shown
in Fig. 4c. Notice that an increase of the PLF intensity leads to a de-
crease in binding energy due to the spreading of positive charge-
density distribution. In the strong PLF-intensity limit, the acceptor
is dissolved. The optical tunability is also manifested in the total
binding energy Eb which is depicted in Fig. 4d. Notice that the bind-
ing energy shows a similar behavior with exchange energy. Never-
theless in comparison with the latter, much higher laser-intensity,
i.e. larger a0, is required to suppress the long range Coulomb inter-
action. With development of nanotechnology, high-quality semi-
conductor heterostructures are feasible and they become more
and more attractive due to additional degrees of freedom which
might be used to engineer the physical properties of the systems.
For instance, the electronic structure of QDs can be tuned by QD-
size. Electron-beam lithography enables fabrication of gate struc-
tures with dimensions down to a few tens of nanometers on the
Fig. 5. Schematic illustration of laser irradiated single-Mn doped GaAs QD. Down-
arrow above the sample represents a linearly polarized light beam incident along
the z-axis. While up-arrow plus circle in the GaAs layer demonstrates Mn-acceptor.
The yellow lines and a ﬁlled blue circle on the top surface of the sample indicate the
electrodes and electrically created QD-region, respectively. (For interpretation of
the references to colour in this ﬁgure legend, the reader is referred to the web
version of this article.)
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Fig. 4. Total energy ET (a), exchange energy Eex (b), binding energy Ec due to the Coulomb potential alone (c) and binding energy Eb stemmed from the combined Coulomb-
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112 F. Qu et al. / Chemical Physics Letters 561–562 (2013) 107–114top of the heterostructure, as shown in Fig. 5. By applying negative
voltages to metal gate electrodes, the electric ﬁeld as well as the
electrostatic potential inside the region indicated by ﬁlled blue cir-
cle on the top of the sample, can be created. This potential intro-
duces a conﬁnement for a hole. Hence a lateral QD is formed
there. In the following, we study theoretically the physical proper-
ties of a single-Mn doped gated GaAs QDs which are fabricated
from heterostructures of GaAs and AlGaAs grown by molecular
beam epitaxy, assuming that the Mn-impurity is located at the
center of the QD. Since the conﬁnement potential of the QD causestranslational symmetry broken, it induces a splitting between light
ðlhÞ- and heavy ðhhÞ hole states at the top of the valence band. As
well known, the hh state is the ground state. This allows us to focus
our attention only on hh states with z-projection of hole-spin
(sz ¼ 3=2). Then the hole-Mn system is described by the
Hamiltonian
H ¼ H0 þ 12 ½Vð~r1Þ þ Vð~r2Þ þ H
ex
QD; ð20Þ
The ﬁrst term H0 on the right hand side of the Eq. 20 is the Hamil-
tonian of hole in a pure QD. Typically, the QD in which we are inter-
ested has smaller vertical size than that in-plane. Then the
conﬁnement potential along z-direction is more sensitive to the
radiation of PLF. Therefore, we suppose that the QDs are irradiated
by a PLF with laser-polarization direction along z axis. In this con-
text, the Hamiltonian H0 reads
H0 ¼  h
2
2
r2 þ V==ðqÞ þ V?ðz;a0Þ: ð21Þ
where V==ðqÞ ¼ 12x20q2;V?ðz; a0Þ is laser dressed quantum well po-
tential along z-axis, and x0 is the frequency which characterizes
the quantum conﬁnement in xy plane. The modulation of
V?ðz; a0Þ as a funcron of a0 is shown in Fig. 6b. The second term
in the Eq. (20) is the laser dressed Coulomb potential as discussed
in Eq. (7). The third term is the p d exchange interaction in the
QD which describes the scattering of the hole by the Mn ion while
conserving the hole spin. This scattering process does depend on
the state of the Mn-ion and reads.
HexQD ¼ 
bex
3
jzMzdðr RIÞ; ð22Þ
where bex is exchange coupling parameter and RI ¼ ð0; 0; 0Þ. In sin-
gle-Mn doped QD, both Coulomb interaction and quantum conﬁne-
ment induced by QD-conﬁnement potential are strongly dependent
on QD-size, but they show different dependence. A competition be-
tween them gives rise to rich physics. For instance, if the radius of
the impurity state is smaller than the size of QD, the QD potential
plays less important role. Otherwise, it affects signiﬁcantly the en-
ergy spectrum of single-Mn doped QDs. This interplay provides a
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Fig. 7. Exchange energy of a MP located in a bulk GaAs (a) and in GaAs/AlGaAs QD
with vertical well width ŁW ¼ 60Å (b) as a function of laser parameter a0.
Fig. 6. Schematic illustration of QD-conﬁnement potential along z-direction, (a)
without laser, (b) in the presence of laser beam with its polarization parallel to z-
axis, (c) physical model in which the system is put into a box with inﬁnite potential
on its surfaces ðz ¼ W=2Þ. V0 and Lw are band offset and width of the quantum
well, respectively
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dichotomy of hole wave function. The physical model is illustrated
in Fig. 6c, in which our system is put into an inﬁnite quantum well
with well width W. The eigenvalue problem of single-Mn doled
GaAs QD is solved based on variational approach whose basis func-
tions are the eigenfunctions of this inﬁnite quantum well. The de-
tailed calculation is out of the scope of this paper which will be
published in the forthcoming paper. The following parameters are
adopted in the calculation of QD: bex ¼ 155:16 eV Å
3
and the band
offset of quantumwell is equal to 249.9 meV. Fig. 7 shows exchange
energy Eex of aMP located at bulk GaAs (a) and located at the center
of a GaAs/AlGaAs quantum QD (b) with well width ŁW ¼ 60 Å as a
function of laser parameter a0. Notice that the p d exchange inter-
action in the QD lift totally the degeneracy of MP-states. For in-
stance, the hh ground state is split into six sub-levels related to
the 2M þ 1 ¼ 6 possible Mn quantum states with equal energy
spacing. Furthermore these energy levels and their uniform spacing
are renormalized, e.g., the energy-spacing decrease as laser inten-
sity is increased from zero. However, with a further increasing the
value of a0, the sublevels saturate at ﬁnite values. Although there
are some similarities between the exchange energies of single-Mn
doped bulk GaAs and GaAs-QD, dramatic differences between them
are observable. Among them, there are six sublevels in the QD
rather than four as in bulk. In addition, in the regime of QD-size
being smaller than a0, an enhancement in binding energy of MP isnoted when the system is changed from the bulk to the QDs. It is
also worthy to observe that the stability of the MP in the QD is sig-
niﬁcantly improved compared to that of bulk GaAs. Eventually, the
exchange energies of the MP in the QD under a strong laser beam
radiation, saturate at a ﬁnite value rather than vanishes as in bulk.
The underlying physics can be understood in the following. A break-
ing down of translational symmetry in the QD induces an anisot-
ropy of hh hole spin, which leads to an anitropical exchange
interaction between spins of hh and Mn ion. Thus the twofold
degenerate hybridized states of the hole-Mn complex can be classi-
ﬁed by z-component of Mn spin. An enhancement of MP binding en-
ergy is attributed to the stronger localization of hole-wave function
induced by QD-conﬁnement potential. The present approximation
is valid for the a0, corresponding to the laser intensity and ﬁeld
amplitude above 360 kW/cm2 and 31 kW/cm, respectively, for fre-
quency = 1 THz. Note that the current generation of PLFs possess a
frequency in the range of 0.2–10 THz and amplitudes up to
100 kV/cm. This indicates that the laser-intensity used in our calcu-
lation is accessible experimentally.4. Conclusion
A comprehensive theory about optical control of p d exchange
interaction between spins of hole and Mn2+ ion in single-manga-
nese doped bulk GaAs and gated GaAs/AlGaAs QDs has been pre-
sented. We demonstrate that using variationally optimized LCAO,
i.g., LCAOV, allows us to evaluate physical properties of MP with
a high accuracy in the whole range of laser-intensity in which
we are interest. Without PLF, four well separated spin-states of
the MP are found. The PLF induces a dichotomy of hole wave func-
tions and a reduction of both the exchange- and binding-energy of
the MP. Hence, the PLF drives the MP evolving from a stable to an
unstable state. At a certain laser intensity, MP might be destroyed.
114 F. Qu et al. / Chemical Physics Letters 561–562 (2013) 107–114Nevertheless, at this stage, a reduction of binding energy is not
large enough to break down the binding stemmed from hole-dop-
ant Coulomb attraction. However, with a further increasing laser-
intensity, the Mn-acceptor can be dissociated. This is striking con-
trast to the known magnetic properties of the DMSs under optical
resonant excitation. We also ﬁnd that the exchange interaction be-
tween hole and Mn spins is enhanced by quantum conﬁnement,
and the MP is more stable in GaAs/AlGaAs QDs.
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